Abstract Experimentally restricting dietary calories, while maintaining adequate dietary nutrient content, extends lifespan in phylogenetically diverse species; thus suggesting the existence of conserved pathways which can modify lifespan in response to energy intake. However, in some cases the impact on longevity may depend on the quality of the energy source. In Drosophila, restriction of dietary yeast yields considerable lifespan extension whereas isocaloric restriction of dietary sugar yields only modest extension, indicating that other diet-responsive pathways can modify lifespan in this species. In rodents, restricting intake of a single amino acid -methionine -extends lifespan. Here we show that dietary methionine can modify lifespan in adult female, non-virgin Oregon-R strain Drosophila fed a chemically defined media. Compared to a diet containing 0.135% methionine and 15% glucose, high dietary methionine (0.405%) shortened maximum lifespan by 2.33% from 86 to 84 days and mean lifespan by 9.55% from 71.7 to 64.9 days. Further restriction of methionine to 0.045% did not extend maximum lifespan and shortened mean lifespan by 1.95% from 71.1 to 70.3 days. Restricting glucose from 15% to 5% while holding methionine at a concentration of 0.135%, modestly extended maximum lifespan by 5.8% from 86 to 91 days, without extending mean lifespan. All these diet-induced changes were highly significant (log-rank p<0.0001). Notably, all four diets resulted in considerably longer life spans than those typically reported for flies fed conventional yeast and sugar based diets. Such defined diets can be used to identify lifespan-modifying pathways and specific gene-nutrient interactions in Drosophila.
Introduction
"Dietary restriction", the experimental restriction of food and nutrient intake compared with ad libitum feeding, is a reliable means of extending lifespan in model organisms (Weindruch and Walford 1988) . The repeated observation that dietary restriction retards aging in phylogenetically diverse species ranging from yeast to primates is the cornerstone of a fertile working hypothesis that diet regulates lifespan and aging through a universal mechanism that has been conserved throughout evolution. Commonalities between life-extending mutations in several species suggest a plausible account of how genes and diet might regulate growth and aging by converging on energy and nutrient-responsive pathways. Dietary restriction has not yet been demonstrated to act on a common pathway across different species (Houthoofd et al. 2003; Walker et al. 2005) . However, in Drosophila specifically, candidates for the downstream effects of dietary restriction include the insulin-like growth factor 1 (IGF-1) signaling pathway (Sohal and Weindruch 1996; Gems and Partridge 2001; Britton et al. 2002; Clancy et al. 2002; Longo and Finch 2003) , and the amino acid sensitive, nutrient-sensing, target of rapamycin (TOR) signaling pathway (Kapahi et al. 2004; Avruch et al. 2005) .
The term "dietary restriction" is often used interchangeably with "caloric restriction", implying that lifespan extension results specifically from reduction of the dietary energy content regardless of the source of the calories. This view, which emphasizes calorie quantity rather than quality, is based largely on the interpretation of studies in rats where isocaloric diets containing different macronutrient content resulted in similar extensions of lifespan (Masoro 1990 ). However, the evidence for this phenomenon is not unequivocal (Kritchevsky et al. 1984; Murtagh-Mark et al. 1995) and it may not be universally generalized across different species , not least because different nutrients have effects which are independent of energy metabolism (Iwasaki et al. 1988a (Iwasaki et al. , 1988b Ni et al. 1998) .
Distinguishing between the effects of specific nutrients independently of energy intake is technically challenging. For example, Drosophila are typically fed a mixture of yeast, sugar, cornstarch and other ingredients, dissolved in an agar gel. This conventional formulation limits the ability to control the dietary content of individual macro-and micronutrients. Moreover, it is difficult to determine how much food the flies actually consume. Nevertheless, early studies of dietary restriction and aging in Drosophila achieved dramatic lifespan extension. Diluting the concentration of both yeast and sugar from 15% to 5% in media that were fed to non-virgin female Dahomey strain flies achieved an 82% increase in mean lifespan from 25.4 to 46.2 days and a 66% increase in maximum lifespan from 47 to 78 days (Pletcher et al. 2002) . Initially this finding was attributed to the restriction of dietary energy intake (caloric restriction). Recently however, yeast restriction, rather than either sugar or total calorie restriction has been shown to account for lifespan extension in Drosophila . The extension of lifespan through dietary protein restriction points to amino acid content as a key determinant (Min and Tatar 2006a) ; however, the factors in yeast which exert this profound effect on lifespan and the metabolic pathways through which they act have yet to be identified ). The present study was designed to determine whether dietary methionine is one such factor.
Several lines of evidence implicate methionine intake and metabolism in modulating lifespan. The strongest evidence comes from studies in rats and mice in which amino acids are fed in lieu of protein, where restriction of dietary methionine alone can extend maximum lifespan by 10-45% (Orentreich et al. 1993; Richie et al. 1994; Zimmerman et al. 2003; Miller et al. 2005) . Methionine metabolism is abnormal in long-lived mutant mice that are deficient in growth hormone, prolactin and thyroid stimulating hormone (Uthus and Brown-Borg 2003; Brown-Borg et al. 2005; Uthus and Brown-Borg 2006) . Furthermore, methionine restriction specifically inhibits the induction of IGF-I expression by growth hormone in pig hepatocytes (Stubbs et al. 2002) , indicating a potential regulatory interaction of methionine metabolism on the growth hormone-IGF-I signaling pathway. It is also conceivable that methionine restriction could impact on the amino acid (leucinesensitive) TOR pathway, if only through indirect effects on branched chain amino acid metabolism Kimball and Jefferson 2006) . Thus, it is theoretically possible that methionine intake and metabolism in mammals might interact with well established pathways to extend lifespan in response to caloric restriction.
A capacity of methionine to modify lifespan would be consistent with the observation that mammals are exquisitely sensitive to dietary methionine intake. Methionine is an essential sulfur amino acid and inadequate dietary methionine intake will slow the growth of young mammals. However, excess intake of methionine is highly toxic to both young and adult mammals, and this toxicity far exceeds that produced by the excessive intake of any other amino acid (Harper et al. 1970) . Merely doubling the normal methionine intake has been shown to result in a variety of adverse outcomes including growth retardation (Benevenga et al. 1976 ), anemia (Yokota et al. 1978 , vascular damage (Troen et al. 2003) , kidney damage and specific hypertrophy of the tubules (Kumagai et al. 2002) , changes in acinar pancreatic cells and iron accumulation in liver and spleen (Ekperigin and Vohra 1981) . Similar changes in liver, kidney and spleen have also been observed in human patients with methioninemia (Goldfischer et al. 1981) . Some of these harmful effects have been attributed to methionine's product-homocysteine. However, there is considerable evidence (Harper et al. 1970 ) including a recent study in our laboratory (Troen et al. 2003) , suggesting that at least some of these toxic effects are not mediated by homocysteine but are the direct result of an imbalance in methionine metabolism. It is significant in this regard that homocysteine levels increase with age (Selhub et al. 1993 ) along with altered activity of some enzymes in the methionine pathway (Stramentinoli et al. 1977; Finkelstein and Benevenga 1984) , indicating an important interaction between aging and altered methionine metabolism (Russo et al. 2003) .
This sensitivity to methionine may result from impairment of one or more aspects of eukaryotic methionine metabolism. These include the synthesis of polyamines, cysteine and glutathione, and the methylation of DNA, lipid, hormones and enzyme substrates (Finkelstein 1990) . Moreover, some sulfur containing intermediates of methionine metabolism such as homocysteine are reactive and may be toxic. Finally, the regeneration of methionine from homocysteine is intimately linked to activity of the folate pathway that synthesizes thymidine and purines (Selhub 2002) . Healthy aging could be compromised by the effect of suboptimal or excessive methionine intake on any of these pathways.
In light of the above, we hypothesized that if methionine modifies lifespan through a phylogenetically conserved pathway, then methionine restriction should prolong life not only in rodents but also in Drosophila. Furthermore, comparing the effects of sugar restriction and methionine restriction might provide insight into generalizable pathways that modify longevity across species. To test this hypothesis we developed a chemically defined medium containing purified amino acids, carbohydrates, vitamins, minerals and other essential nutrients. This diet enabled us to vary dietary glucose or methionine content while holding all other nutrients constant so as to determine the effect of dietary methionine or glucose restriction on lifespan in non-virgin female adult Oregon-R strain of Drosophila melanogaster.
Methods

Diets
Coordinately decreasing dietary yeast and sugar concentrations from 15% to 5% in conventional fly medium has been shown to extend mean lifespan by 82% in adult, non-virgin female, Dahomey strain Drosophila (Pletcher et al. 2002) . Using this diet as a reference, we adapted the chemically defined diet described by Hinton et al. (1951) to study the separate effects of dietary methionine and sugar on life-span. This allowed us to vary the methionine or sugar concentration in the medium while maintaining constant concentrations of all other nutrients (Table 1) . We compared life-span and survival in flies fed chemically defined media containing either:
(a) 15% glucose and 0.135% methionine; corresponding to the 15% yeast-sugar control diet used by Pletcher et al. (Pletcher et al. 2002 ) (b) 5% glucose and 0.135% methionine; in which calories from sugar were restricted to 1/3 the content of the reference diet without restricting methionine (c) 15% glucose and 0.045% methionine; in which methionine was restricted to 1/3 the content of the reference diet without restricting calories (d) 15% glucose and 0.405% methionine; in which methionine was increased by three times the content of the reference diet without restricting calories Diet b where dietary glucose is reduced from 15% to 5% significantly restricts dietary calories. In contrast, the caloric difference between diets a, c and d that range from 0.045% to 0.405% methionine is negligible.
We composed the media to approximate amino acid concentrations corresponding to a 15% yeast sugar diet. Amino acid concentrations in a 15% yeast sugar diet were determined by HPLC at the Nutritional & Environmental Analytical Services Laboratory at Cornell University (Ithaca, NY), except for methionine and tryptophan, which could not be Hinton et al. (1951) . Since the specific vitamin, mineral and other nutrient intakes that are required for maximal longevity in adult Drosophila are largely unknown, we derived the medium nutrient concentrations from requirements for optimal larval development for those nutrients for which data are available (Villee and Bissell 1948; Hinton et al. 1951; Sang 1955) . Where nutrient requirements are uncertain, amounts in the defined medium correspond to the theoretical content of the 15% yeast-sugar reference diet. A basal diet mix was prepared by Harlan Teklad according to our specifications (Diet TD.04310, Harlan Teklad, Madison, WI). Media were prepared by boiling 62.08 g basal mix, 500 mg nucleic acids, 100 mg lecithin, 20 g agar and the appropriate amounts of Lmethionine and glucose in 1 liter water. Propionic and phosphoric acids were added to inhibit microbial growth at final concentrations of 0.285% and 0.0255% (v/v), respectively. The complete nutritional content of these media is given in Table 1 .
Fly husbandry
Flies of the Oregon-R Drosophila strain were used for this study. We studied longevity in non-virgin female flies because of known sex-related influences on lifespan in Drosophila (Magwere et al. 2004 ). Cohorts were established by allowing flies of the same ages to mate at a density of 10 males and 20 females per bottle. Flies were provided with a conventional yeast based food and removed after three days, leaving their eggs to develop into adult flies. Newly emerged flies were transferred to fresh bottles with conventional food and allowed to mate for 1-2 days. Three-day-old mated female flies were collected over light CO 2 and systematically randomized into standard 50 mL vials containing the four chemically defined diets at a starting density of 40 flies per vial. Flies were maintained on a 12:12 hr light:dark cycle at 25°C and 68% humidity. Food was replaced every Monday, Wednesday and Friday. Survival was determined by recording dead and censored flies before replacing food. Initial cohort sizes were calculated from the sum of censored and dead flies observed at all ages. Three cohorts were established by this method (Table 2 ). In addition, flies were sampled at ages 10, 31, 50, and 75 days. Sampled flies were collected under light CO 2 anesthesia, immediately frozen in liquid nitrogen and 
Food intake assessment
Food intake was assessed according to Min and Tatar (2006b) . Briefly, flies were habituated to their assigned experimental diet for 6 days, after which they were provided with fresh food containing 0.5% food coloring FD&C Blue No.1. Twenty four hours later, 140-160 flies per diet were collected and homogenized 20 flies at a time in 1 mL PBS. After centrifugation, absorbance of the supernatant at 625 nm (OD 625nm ) provides an estimate of the amount of ingested dye. Intake of a conventional yeast based diet was also assessed at the same time.
Life span and mortality analysis
Analyses were performed on pooled data across the three cohorts for each of the four diets. Survivorship was compared and tested for significance with logrank tests using SPSS 12.0 statistical software. Survivorship is a cumulative function where differences between diets at any age are carried forward to subsequent age intervals. In some cases, this can inflate the effects of log-rank tests. In contrast, mortality rates estimate the age-specific risk of death. For this reason, we examined the effect of diet on agespecific mortality rates and parameters. We used the freely available WinModest Demographic Analysis Tool, version 1.0.2 (Pletcher et al. 2000) , to fit the observed data to a class of mathematical models that assume an exponential rise in the mortality rate with increasing age, while allowing for age-independent and senescent changes in mortality rates. The program determines the model that best fits the observed data 
Age (Days)
ln Mortality 15% Glu : 0.135% Met 5% Glu : 0.135% Met 15% Glu : 0.405% Met 15% Glu : 0.045% Met Figure 3 Observed and projected mortality rates by diet. Scatter plot of observed mortality rates -lnμ x (triangles) and projected mortality curves (lines) as a function of age. The projected mortality curves are fitted according to the parameters derived from the Gompertz-Makeham models given in Table 3 using a maximum likelihood procedure and facilitates hypothesis testing of whether the fitted models differ by experimental treatment (Pletcher 1999; Pletcher et al. 2000) . Mortality models fitted with the WinModest program established that the GompertzMakeham function provided the best fit model for all diets. In this model, mortality at age x (μ x ) is given as m x ¼ ae bx þ c, where α is the baseline mortality rate (intercept), β is the age-dependent increase in mortality (slope) and c is the age-independent mortality constant (Table 3) .
Results
All of the chemically defined diets were well tolerated and did not adversely affect lifespan as described below. Estimated food intake was similar for flies fed the reference and low methionine diets (OD 625nm = 0.06 (0.01) and 0.07 (0.01), respectively. Values are given as mean (SD)). In comparison to flies fed the reference and low methionine diets, flies fed the high methionine and sugar restricted diets had increased intake (OD 625nm = 0.10 (0.01) and 0.11 (0.03) , respectively. p<0.05 by one-way analysis of variance after Bonferroni adjustment for multiple comparisons); however, the intakes of the high methionine and sugar restricted flies were not different from each other. Estimated intake of the conventional yeast diet (OD 625nm =0.11 (0.03)) was similar to intake of the high methionine and sugar restricted diets and significantly higher than intake of the reference and low methionine diets.
Dietary methionine and sugar concentrations in chemically defined media independently modified longevity in non-virgin female adult Oregon-R strain Drosophila melanogaster flies. Survivorship curves in Figure 1 plot the proportion of living flies for each diet as a function of age. Survivorship curves for each diet differed significantly from each other by log-rank test (statistic=1162.74, p<0.0001). Maximum, median, top (25%) and bottom (75%) lifespan quartiles for each diet are given in Table 2 .
Sugar restriction extended lifespan only among older flies, with maximum lifespan extended by 5.8% from 86 to 91 days compared to flies fed the reference diet. Sugar restriction extended lifespan for flies in the top quartile by 3.8% but failed to extend the mean, median and bottom quartile lifespan (Table 2) .
Dietary methionine was related to lifespan by an inverse U-shaped curve (Figure 2) . The reference concentration of 0.135% methionine yielded the longest lived flies. Restricting methionine intake to one third this amount (0.045%) decreased mean lifespan by 1.95%, top quartile lifespan by 2.53% and median lifespan by 4.0%, with no effect on the bottom quartile. Increasing methionine intake to three times this amount (0.405%) was more harmful, limiting maximal lifespan by 2.33% compared to the reference diet and curtailing longevity across all ages. High methionine decreased maximum lifespan by only 2.33%, however it decreased mean lifespan by 9.55% from 71.72 to 64.87 days, compared to flies fed the reference diet. Furthermore, high methionine decreased lifespan by 8.86% for flies in the top quartile, 9.33% for flies with median lifespan and by 10.29% for flies in the bottom quartile. All changes were statistically significant (Table 2) .
Observed mortality rates were modified by changing dietary sugar and methionine concentrations (estimated as -ln(p x ) where p x is the proportion alive at age x (Figure 3) . The estimated Gompertz-Makeham mortality parameters for the reference diet were significantly different from the parameters for each of the other Mortality parameters for the best-fit Gompertz-Makeham models, where mortality at age x (μ x ) is given as m x ¼ ae bx þ c, where α is the baseline mortality rate (intercept), β is the age-dependent increase in mortality (slope) and c is the age-independent mortality. experimental diets (Table 3) . Although the sugar restricted diet had a higher baseline mortality rate than the reference diet (α=1.10×10 −6 vs. 3.21×10 −7
), the rate of increase in mortality with age (β) was significantly lower than for the reference diet (0.150 vs. 0.173) and the age-independent mortality constant was higher (c=0.00126 vs. 0.00075), yielding a longer overall lifespan. Using these models, the projected reference and sugar restricted mortality curves intersect by age 65 days, when the mortality rate for the sugar restricted diet falls below that of the reference diet (Figure 3) . Similarly, both the high-methionine and methionine-restricted diets have a lower slope than the reference diet (β=0.159 for both high-and methioninerestricted diets). However, the age-independent risk parameters c are not significantly different from the reference diet, while the high-methionine diet has a much higher baseline mortality rate (α=2.54×10 ) and the methionine-restricted diet has a slightly higher baseline mortality rate (α=8.99×10 ) than the reference diet (Table 3) . When these estimates are factored into the model, the projected mortality rate of the high methionine diet exceeds that of all other diets at as early as 40 days of age. In contrast, the projected mortality rate for the methionine-restricted diet only drops below the rate of the reference diet at an age greater than 80 days, which is beyond the lifespan of most flies (Figure 3 ).
Discussion
In this study we hypothesized that, as in rodents where selectively restricting methionine intake can extend lifespan (Orentreich et al. 1993; Richie et al. 1994; Zimmerman et al. 2003; Miller et al. 2005) , the restriction of methionine might also extend lifespan in Drosophila. If true, this would help to explain the observed extension of lifespan in this species by selective yeast ) and protein restriction (Min and Tatar 2006a) .
We found that the lifespan of Drosophila can be modified by varying the dietary content of a single essential amino acid-methionine. However, of the three methionine concentrations that we used, the intermediate concentration of 0.135% (w/v) was optimal with regard to lifespan when all other amino acids and nutrients were provided at constant concentrations (Table 1 ). This concentration is the theoretical concentration of methionine in the conventional 15% yeast and sugar diet, which has been shown in mated female Dahomey strain flies to yield a considerably shorter lifespan than in flies fed a dilute 5% yeast and sugar diet (Pletcher et al. 2002) or yeast restricted diet . Selectively restricting methionine three-fold to 0.045% did not increase lifespan, as would be expected if methionine overfeeding was solely responsible for the lifespan extension produced by the dilute 5% diet. Increasing methionine threefold above this concentration to 0.405%, decreased longevity, revealing a harmful effect of methionine overfeeding. Thus, even though methionine intake can modify lifespan in Drosophila, methionine restriction alone is unlikely to account for the lifespan extension that is achieved by selective yeast or protein restriction in other studies .
We also found that restricting calories solely by limiting sugar intake had only modest benefit for longevity. Our finding of a ∼6% maximal lifespan extension by sugar restriction is consistent with the modest ∼8% lifespan extension by sugar restriction when yeast is held constant . This finding lends support to the hypothesis that it is the quality of the macronutrient from which calories are derived rather than the quantity of restricted calories which may be essential for lifespan extension in Drosophila.
Differences in survivorship are not explained by changes in estimated food ingestion. Flies fed the reference and low methionine diets had comparable food ingestion, whereas flies fed the high methionine and sugar restricted diets ingested relatively more food. An increased ingestion of the sugar restricted diet did not abrogate the modest lifespan extending effect of sugar restriction. Similarly, increased ingestion of the high methionine diet would be expected to exacerbate any toxicity due to excess food intake and would be consistent with the observed shorter lifespan. Nevertheless, the colorimetric food ingestion assay is not strictly quantitative and is limited by potential confounders such as diet-related changes in fly growth and gut capacity, changes in feeding and gastrointestinal food transit rates. Until better assays become available, outcome measures in dietary studies in Drosophila will be more readily attributable to dietary nutrient density than to estimated food intake.
Demographic modeling has suggested that dietary restriction in Drosophila acts by lowering age independent mortality rather than by slowing the accumulation of senescent damage (Mair et al. 2003; Magwere et al. 2004; Partridge et al. 2005) . In the present study, we did not observe such an effect. Compared with the reference diet sugar restriction, low methionine and high methionine all resulted in significantly increased baseline mortality and in decreased slope coefficients (Table 3) . However, the net effect of these changes on mortality trajectories was minor (Figure 3) , reflecting the modest effects of methionine and glucose on survivorship (Figure 1) .
Notably, flies fed any of the defined media display remarkable longevity. Virgin, female, Oregon-R strain flies, fed conventional diets and raised under comparable conditions of temperature and humidity have a 50 day median and 75 day maximum lifespan (Yui et al. 2003) . Although we did not compare defined and conventional diets directly, median lifespans of 68-75 days for flies fed the defined diets were 36-50% longer than expected for flies fed conventional diets, and maximum lifespans of 84-91 days for flies fed the defined diets were 12-21% longer than expected for flies fed conventional diets, regardless of methionine or sugar concentration. This observed longevity is particularly impressive because non-virgin females of the present study would be expected to have shorter lifespans than those reported previously for virgin females, due to the cost of reproduction (Chapman et al. 1998) . The full impact of these defined media on longevity in relation to fecundity in both female and males remains to be explored (Good and Tatar 2001; Magwere et al. 2004) .
The ratio of median to maximum lifespan in the present study was also high. The median lifespans reached by flies fed any diet were at least 75% of the maximal lifespan of 91 days obtained by flies fed the sugar-restricted diet. In other words, over half the flies lived up to 75% or more of the maximum observed lifespan, regardless of dietary methionine and sugar. This is a higher ratio than that which is typical of other dietary restriction studies. For example, the mean lifespan of control Dahomey flies reported by Mair et al. (2005) is only 47% of the maximum lifespan reached by the longest lived yeast and sugar restricted flies. Such extension of median lifespan towards maximum lifespan, which is sometimes referred to as "squaring" of the survivorship curve, indicates successful aging in which the onset of agerelated morbidity is delayed and its duration is shortened (Figure 1 ). This effect is unlikely to be explained by a general restriction of food intake in response to the chemically defined media, since intakes of the shortest-lived high-methionine and longest-lived reference diets were equivalent to the intake of flies fed a conventional yeast-based diet.
This apparent quality of the defined media may explain why non-optimal methionine and glucose concentrations exerted only a modest effect on lifespan in this study. In many aging studies, the magnitude of obtainable lifespan extension is a function of the control group's lifespan, where shorter-lived strains are more amenable to lifespan extension than those that are longer-lived (Orr et al. 2003) . For example, 82% mean and 66% maximum lifespan extensions resulting from dietary restriction in Dahomey flies, were obtained in comparison to short mean and maximum lifespans of 25.4 and 47 days (Pletcher et al. 2002) . Regression analysis of data from several Drosophila aging studies shows a linear relationship between control lifespan and experimental lifespan extension, predicting that lifespan extension would be limited to a 10% increase where control lifespans were 60 to 70 days (Orr et al. 2003) . Hence, the fact that the reference group was long-lived in the present study may account for the relatively small differences in lifespan induced by modifying dietary methionine and sugar and suggests that the defined diets were close to optimal with respect to longevity. In other words, the overall nutritional balance of the defined diet might have mitigated the individual effects of sub-optimal methionine and sugar intake.
The difficulty of controlling the dietary content of individual macro and micronutrients in conventional yeast and sugar based fly food has impeded efforts to identify the factors responsible for lifespan extension by dietary restriction in Drosophila. These chemically defined media now make it possible to do so, and provide an essential starting point for studies of nutrition and aging in Drosophila. Further studies on the relation of specific nutrients to lifespan will help to identify those nutrients that can modify aging and to reveal the mechanisms by which dietary restriction operates.
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